Abstract: To achieve strong coupling, conventional fiber-based directional couplers often require complicated fabrication. Here, by placing two identical THz subwavelength fibers parallel to each other and by simply tuning the separation in between, we investigate the strong coupling characteristics of the directional fiber coupler, which has not been experimentally explored before in the THz region. This strong coupling directional coupler is able to provide superior performance with an extremely short coupling length (30 times of wavelength) and a record low insertion loss (G 0.3 dB). These performances are much improved when compared with the previously reported THz fiber/waveguide-based directional couplers.
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Introduction
A directional coupler is a power dividing device, which is primarily used for power splitting, power switching, frequency selecting, and polarization filtering. For communication, sensing, and imaging systems in the optical or microwave regimes, many kinds of directional couplers are applied; thus, multiple streams of information can be sent and received at the same time, while phase difference of waves in two paths could be obtained to achieve high resolution and high sensitivity interferometric detection [1] - [3] . Between the optical and microwave regimes, the THz wave (millimeter wave) recently has attracted a lot of attention since it is nonionizing radiation, with strong interaction with molecules and with a high penetration capability to a wide range of materials [4] , [5] . To promote wider applications such as THz endoscopy [6] , [7] and THz biosensing radar [8] , developing THz sensing and imaging systems combined with fiber-based directional couplers is essential. For two single-mode fibers put parallel to each other as a directional coupler, the total field can be composed of two eigenmodes: one even mode and one odd mode. Since the propagation constants of the two eigenmodes are different, the power can thus be totally transferred from one fiber to the other at the coupling length [9] . To increase the coupling, most fiber-optic directional couplers are composed of two fibers put very close or touched together, often by complicated fabrication techniques such as fusing, polishing, and etching, due to the highly confined fields within the core [10] - [14] . Alternatively, in the THz region, a subwavelength THz fiber was recently proposed [15] , [16] to operate in the low-core-fraction-power region (G 10% core-fractional power). Nevertheless, the THz subwavelength fiber has strong mode confinement. The ratio of the mode radius to the guiding wavelength is less than 2 [7] , [15] , which is even smaller than that of typical single-mode optical fibers ($5). Due to its strong mode confinement, the bending loss is small and has been proven to cause less than 20% loss within 20 of bending [17] . Also, the THz subwavelength fiber has a small size, with a light weight, and can replace the bulky THz components and can enable fast mechanical scanning of the fiber output end for endoscopic imaging [7] . As a result, the fiber-based THz system not only can move the complicated THz generation part away from the detected sample but also simplify the complicated THz wave guidance. With many demonstrated imaging applications [6] - [8] , [18] - [21] , it is thus essential to develop a subwavelength-fiber-based directional coupler with a high power transfer efficiency and a low insertion loss, for future THz applications. Due to the fact that most of the guided fields are not confined in the solid core but in the air cladding [15] , [16] , this subwavelength fiber provides a unique opportunity to constitute a strong coupling directional coupler without any fabrications that would distort the original fiber structure. Unfortunately, for all previously reported THz subwavelength-fiber-based directional couplers, experiments were all demonstrated by putting two fibers touched together [6] - [8] , [17] . As a result, the touched polyethylene (PE) fiber cores caused the odd mode to become cutoff and radiating, i.e., not guided in the coupler structure [17] . Without the odd mode, total power transfer is unable to take place. The maximum power transfer ratio therefore could be at most 70%, with an insertion loss of 9 1.42 dB [17] .
In this paper, we report our investigation on the strong coupling behavior between two subwavelength THz fibers with a tunable separation. The operating frequency is chosen such that more than 90% of the mode energy is distributed in the air cladding, and the THz wave would therefore suffer minimum propagation loss. We find that, at this specific operating frequency, this strong coupling THz directional coupler can transfer a large fraction of power to the coupled fiber with a low insertion loss (G 0.3 dB) or a short coupling length (as short as 30). This narrow-band directional coupler provides a much improved insertion loss performance, comparing to other subwavelengthfiber-based directional couplers where the two fibers touch each other (9 1.42 dB) [7] , [8] , [17] and other reported THz directional couplers (9 1.29 dB) [22] - [25] .
Brief Theoretical Introduction to the THz Subwavelength Directional Coupler
The single-mode THz fiber used in our work has a solid circular core made of PE with a refractive index n core of 1.52 [26] . The air cladding has a refractive index n cladding of 1. The fiber with a 300-m core diameter is first chosen for discussion. To minimize the attenuation constant of the subwavelength fiber on the order of 10 À2 to 10 À3 cm À1 [16] , the corresponding operating frequency is set at 324 GHz. Theoretically, one can find the guided mode of a fiber by solving the Maxwell equations and by matching the boundary conditions of the core and cladding [27] . The normalized frequency V , which is ð2a=Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
, is an important parameter to decide the number of guided modes, where 2a= is the ratio of the core diameter to the wavelength (around one third in our case). The fiber with V G 2:405 is single mode [27] , and from the aforementioned statements, our THz subwavelength fiber meets this criterion, where the only guided mode is the hybrid HE 11 mode [15] . The corresponding transverse electric field and magnetic field amplitudes at 324 GHz, with a 300-m fiber core diameter, are shown in Fig. 1 (a) and (b). The two orthogonal components in r direction and in direction in cylindrical coordinates are shown, respectively, where r is the distance from the center of the core, and is the angular position. It can be clearly observed from Fig. 1 that a large proportion of field distribution is outside the core of the subwavelength fiber. The corresponding power ratio is calculated to be about 91%, and the corresponding mode radius is about 1.2 mm, which is eight times of the core radius.
Then, we consider the simplest THz directional coupler where two uniform and identical subwavelength dielectric fibers are placed parallel to each other with a core separation s. The schematic diagrams are shown in Fig. 2 (a) and (b). As Fig. 2(a) shows, P in represents the power of the input HE 11 mode of the input fiber, and P out represents the power of the output HE 11 mode of the coupled fiber. It is well known that the total field in the coupling region of the directional coupler is composed of two eigenmodes: one even mode and one odd mode [24] . At the input plane, the input HE 11 mode would excite the even mode and the odd mode simultaneously. Since the even and odd modes propagate through the coupler region with different propagation constants e and o , respectively, total power transfer occurs at the distance where the two modes are out of phase. This distance is often called the coupling length L [28] of the directional coupler and is given by ð=ð e À o ÞÞ [28] . The coupling behavior of directional couplers can also be described by the coupled-mode theory [9] , [28] , in which the mutual coupling factor , is expressed as the overlap integral between the two HE 11 electric fields, i.e., E i and E c of the input fiber and the coupled fiber
Z core area of the coupled fiber
where Ã denotes the operation of complex conjugate. According to the coupling of modes in space solutions [9] , the ratio of P out to P in can be expressed as [9]
where ' is the length of the coupler region, and is the attenuation constant of the HE 11 mode of the single fiber. Note that the exact exponential term in (2) should be e Àð e þ o Þ'=2 , where e and o are the attenuation constants of the even and odd modes, respectively. However, since e and o are both close to , the exponential term that represents the propagation loss through the coupler is replaced by e À' . From (2), the coupling length L at which the maximum P out occurs, is ð=2jjÞ. Generally, from the device point of view, it is desirable to have a stronger field coupling, which means more field overlap and thus a larger jj, so that the coupling length L would be shorter for power switching from the input fiber to the coupled one, and there would be less propagation loss through the coupler region. Without the need of etching, fusing, or polishing to touch the two fibers together to increase the field coupling, as usually observed in conventional fiber-optic directional couplers, the subwavelength directional coupler we proposed here can easily achieve strong coupling with a relatively short core separation between the two fibers. This is contributed from the wide field distribution outside the subwavelength PE core, which leads to a considerable field overlap between the propagation modes.
However, it is notable that, as one makes the core separation s smaller and smaller to enhance the coupling, the modal excitation loss from the HE 11 mode field to the field of the linear combination of the two eigenmodes would become more and more significant [10] . As a result, the modal excitation loss may exceed the propagation loss and becomes the dominant loss factor for the subwavelength directional coupler. Furthermore, when the core separation is eventually too small, the odd mode will encounter cutoff and thus cannot be guided in the coupler [17] . Under the cutoff condition, the THz power is unable to switch.
To have an efficient directional coupler with high power switching as well as low loss, in this paper, we adjust the core separation to find out the optimum coupling. Note that, in our case, the core separation is calculated to be less than 1.1 mm for the odd-mode cutoff to occur. This cutoff region, which has been discussed in [17] , is not covered here. Note also that, for the subwavelength fiber, its propagation constant, field distribution, and propagation loss are strongly frequency dependent [15] , [16] , which makes the so-formed subwavelength directional coupler a narrow operating bandwidth. To apply the directional coupler for a different operating frequency, one can simply scale our reported system according to the desired wavelength.
Experimental Design and Simulation Method
In our experiment, the core diameter d equals 300 (AE10) m. The PE fibers were fixed via a 40-mthick PE film, as shown in Fig. 3 . The PE film was stuck to a half ring, which enables the PE fibers to be fixed near the edge of the PE film, such that the input fiber and the coupled fiber could be put 
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THz Subwavelength Directional Couplers very close to each other. The 40-m-thick PE film, which was traditionally used to mount the THz subwavelength fiber [7] , [8] , [16] - [21] , was found to cause negligible losses because of its thin thickness compared to the wavelength and its low attenuation constant. The manual stage used for core separation adjustment has a 10-m resolution. The 324-GHz CW THz wave was generated by a Gunn oscillator, with an output power after the horn antenna of 0.45 mW. The radiated THz wave was collected and refocused by a pair of off-axis parabolic mirrors with a 3-in focal length and then end-coupled into the input fiber. The measured mode attenuation constant for a single PE fiber at 324 GHz was 0:008 AE 0:001 cm À1 . A Golay cell detector (Microtech Instruments) shown in Fig. 3 was put at the output end of the coupled fiber within a 3-mm distance, to directly measure the output-radiated THz power. The detection window of the Golay cell has a 6-mm diameter, which is much larger than the fiber mode size ($2.4 mm), and the radiated THz power could be efficiently detected. As Fig. 2(a) shows, the actual power measured by the Golay cell is P out with an additional loss. The additional loss resulted from the wave propagation along the remaining coupled fiber and was calibrated by multiplying e L to the measured power, where L is the length of the remaining coupled fiber. The calibration uncertainty contributes from the variation of the attenuation constant, i.e., AE0:001 cm À1 , and the measurement error on the length of the remaining coupler fiber. In this paper, we only show the data with the wave polarization perpendicular to the direction of s (y -polarization), as shown in Fig. 2(a) . Our experimental study indicates no significant polarization dependency, and our numerical calculation supports this result.
We first conducted the length-of-the-coupler-region ' dependent measurement with a fixed core separation s to investigate the power switching between the two subwavelength fibers. Then, we measured the coupling length L, by adjusting s to study the coupling behavior. Numerical simulations are also presented in this paper, which were performed by the finite-difference frequencydomain (FDFD) method [29] . Since the aforementioned coupled-mode scheme might be less accurate when the core separation is small, we adopted the more rigorous system mode approach to simulate the coupling behaviors of the subwavelength directional coupler. By using the FDFD mode solver, modal properties of the even and odd eigenmodes of the coupler, which include the modal field distributions, the propagation constants, and the attenuation constants, can be obtained. The coupling length is thus given by L ¼ =ð e À o Þ. Moreover, the electric field propagating in the coupler region can be expressed as the superposition of the even and odd modes as: E ðzÞ ¼ a e E e exp½Àð e =2 þ j e Þz þ a o E o exp½Àð o =2 þ j o Þz, where E e and E o are the normalized electric field distributions, and a e and a o are the excited modal amplitudes of the even and odd modes, respectively. Therefore, the transferred output power of the coupled fiber can be obtained as
4. Results and Discussion ' is close to 100%, which indicates that the modal excitation loss is negligible. We can observe that the coupling length L is about 9 cm when s is 2 mm. The core separation s was then varied from 1.17 to 2.55 mm. Fig. 5 shows both the measured and simulated coupling lengths L as a function of s, and the results are close to each other. With smaller s, L is shorter, owing to more field overlap between the two fibers. The measured shortest coupling length L is 2.8 cm (30) when s is 1.17 mm. Note that such a short coupling length, in terms of wavelength, is hard to achieve in the optical domain. We then investigate the insertion loss of this subwavelength directional coupler. The values of P out =P in as a function of core separation are shown as red open circles in Fig. 6 , where P out was measured at the corresponding coupling length L. According to Fig. 5 , L varies with s. From Fig. 6 , we can observe that the maximum P out =P in value is between s ¼ 1:4 and 1.8 mm. We then use the term expðÀLÞ to estimate the propagation loss of the coupler, where ¼ 0:008 cm À1 is the measured attenuation constant of a single PE fiber. To compare the values of the measured P out =P in and the propagation loss, i.e., expðÀLÞ, we plot the results together in Fig. 6 , and the propagation loss is shown as blue open triangles. It can be found that, when 1:7 mm G s G 2:55 mm, the P out =P in and the propagation loss agree with each other, meaning that the propagation loss is the dominant loss factor and the modal excitation loss can be neglected. The trend of P out =P in decreases with increased core separation. With 1:17 mm G s G 1:7 mm, the P out =P in becomes less than the propagation loss, a clear indication for the existence of the modal excitation loss [10] . We then calculate the insertion loss with the definition of 10log 10 ðP in =P out Þ [30] . The measured and simulated insertion losses as a function of core separation are shown in Fig. 7 . Experimentally, an insertion loss of less than 0.3 dB can be achieved.
Conclusion
We have investigated the strong coupling characteristic of the THz subwavelength-fiber-based directional coupler experimentally and numerically. It is found that this unique narrow-band directional coupler provides superior performances with a low insertion loss less than 0.3 dB or with a short coupling length as short as 30. The optimum coupling to achieve high power switching with a low insertion loss is found out by tuning the core separation. This narrow-band directional coupler is demonstrated to be promising with very low THz power consumption and very short length for power switching.
